Introduction
IL-17A, a major proinflammatory cytokine produced by Th17 cells, has been implicated as an important cytokine contributing to the pathogenesis of steroid-resistant neutrophilic airway diseases including severe asthma and chronic obstructive pulmonary disease (COPD) (1) (2) (3) (4) (5) . IL-17A induces an array of cytokines/ chemokines (e.g., CSF2, CXCL1, CXCL2, CSF3, IL-6, and IL-8) to elicit neutrophilic airway inflammation. Although IL-17A neutralization showed no effect on type-2 (Th2) responses in asthma patients or preclinical models, blocking IL-17A showed beneficial effects on type-17 (Th17/IL-17A hi ) steroid-resistant neutrophilic asthma and COPD (3, (6) (7) (8) (9) (10) . However, the molecular mechanisms for the observed association between steroid resistance and Th17/IL-17A-driven airway neutrophilic inflammation remain poorly understood.
Glucocorticoids (GCs) are commonly used antiinflammatory therapeutic reagents to treat asthma and COPD. GCs bind the glucocorticoid receptor (GR, encoded by NR3C1) and the activated GC/GR complex may repress inflammatory gene transcription by repressing binding (transrepression) of other transcription factors (e.g., AP1 and NF-κB) to inflammatory genes or by directly activating transcription (transactivation) of multiple antiinflammatory genes (11, 12) . Although GC-based drugs can effectively manage Th2 inflammation via inducing apoptosis of Th2 cells and eosinophils and inhibiting type-2 cytokines, they have little efficacy in inhibiting Th17/IL-17A hi neutrophilic severe asthma and COPD that are steroid resistant or refractory (7, (13) (14) (15) ).
In the current study, we demonstrated that IL-17A and dexamethasone (DEX, a synthetic GC drug) synergistically induced the expression of a group of genes including colony-stimulating factor 3 (encoded by CSF3 and also known as granulocyte colony-stimulating factor, G-CSF) in airway smooth muscle cells (ASMCs) via both transcriptional and posttranscriptional mechanisms. CSF3 is an important neutrophil-promoting cytokine that affects many aspects of neutrophils including proliferation and survival. By employing Th17/IL-17A hi preclinical mouse models of neutrophilic severe asthma (acute and chronic) and COPD, we showed that Csf3 expression was substantially induced in the lung tissue by DEX treatment, although the expression of neutrophil-mobilizing Cxcl1 and Cxcl2 was decreased.
IL-17A plays a critical role in the pathogenesis of steroid-resistant neutrophilic airway inflammation, which is a hallmark of severe asthma and chronic obstructive pulmonary disease (COPD). Through RNA sequencing analysis of transcriptomes of human airway smooth muscle cells treated with IL-17A, dexamethasone (DEX, a synthetic glucocorticoid drug), alone or in combination, we identified a group of genes that are synergistically induced by IL-17A and DEX, including the neutrophilpromoting cytokine CSF3. In type-17 (Th17/IL-17A hi ) preclinical models of neutrophilic severe asthma (acute and chronic) and COPD, although DEX treatment was able to reduce the expression of neutrophil-mobilizing CXCL1 and CXCL2 in lung tissue, CSF3 expression was upregulated by DEX treatment. We found that DEX treatment alone failed to alleviate neutrophilic airway inflammation and pathology, and even exacerbated the disease phenotype when CSF3 was highly induced. Disruption of the IL-17A/DEX synergy by IL-17A inhibition with anti-IL-17A mAb or cyanidin-3glucoside (C3G, a small-molecule IL-17A blocker) or depletion of CSF3 effectively rendered DEX sensitivity in type-17 preclinical models of neutrophilic airway diseases. Our study elucidates what we believe is a novel mechanism of steroid resistance in type-17 neutrophilic airway inflammation and offers an effective steroid-sparing therapeutic strategy (combined low-dose DEX and C3G) for treating neutrophilic airway diseases.
Furthermore, DEX treatment failed to inhibit neutrophilic airway inflammation, and sometimes even aggravated the pathologies. When the IL-17A/DEX synergy was blocked by IL-17A inhibition or CSF3 neutralization, DEX sensitivity was acquired in these neutrophilic airway disease models. Interestingly, we also found that cyanidin-3-glucoside (C3G), a small-molecule inhibitor that blocks IL-17A binding to IL-17RA, when used in combination with DEX, could improve DEX sensitivity and effectively inhibit neutrophilic inflammation and associated pathological features in the preclinical models of severe asthma and COPD, offering a promising therapeutic approach for treating these diseases.
Results
GC differentially regulates IL-17A-induced neutrophil-promoting cytokines in ASMCs. To investigate the mechanisms of steroid resistance in IL-17A-mediated neutrophilic airway diseases, we performed RNA sequencing (RNA-seq) analysis of transcriptomes in IL-17A-and DEX-treated human ASMCs ( Figure 1A ). Two groups of IL-17A target genes were identified showing differential responses to DEX treatment: steroid sensitive and steroid resistant. Interestingly, the expression of those genes (e.g., CSF2, CXCL1, CXCL2, IL6, and IL8), well known to promote neutrophil functions, was effectively inhibited by DEX treatment with or without IL-17A. In contrast, DEX induced CSF3 expression alone, although the induction level was not high. Interestingly, DEX-induced CSF3 expression was dramatically increased in the presence of IL-17A. The IL-17A/ DEX-mediated synergistic induction of CSF3 mRNA was validated by real-time PCR analysis of mRNA transcripts in both human and mouse ASMCs ( Figure 1B and Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.132836DS1). Notably, IL-17A alone is a relatively weak inducer of inflammatory gene expression. Previous studies have demonstrated that the pathogenic role of IL-17A is executed through its synergic cooperation with other inflammatory cytokines, including TNF (16). Importantly, DEX was able to further promote IL-17A/TNF-induced CSF3 expression in a synergistic manner, whereas DEX effectively suppressed the expression of CSF2, CXCL1, and CXCL2 ( Figure 1B and Supplemental Figure 1A ). We also observed similar gene induction patterns for Csf2, Cxcl1, Cxcl2, and Csf3 in response to IL-17A and DEX in mouse lung fibroblasts, suggesting that similar gene regulation mechanisms may operate in multiple cell types (Supplemental Figure 1B) .
To understand the molecular mechanisms involved in cooperative induction of CSF3 expression by IL-17A and DEX, we performed promoter analysis of human CSF3 in A594 cells (an IL-17A-responsive human airway epithelial cell line). WT (-924/+89) human CSF3 promoter luciferase plasmid was transfected into A594 cells, followed by IL-17A and DEX treatment, alone or in combination. As shown in Figure  1C , IL-17A and DEX induced the CSF3 promoter (WT, -924/+89) only in an additive manner, suggesting that a posttranscriptional mechanism exists for the synergy between IL-17A and DEX. Thus, we performed a CSF3 mRNA decay assay using actinomycin D (a transcription inhibitor) following DEX pretreatment. CSF3 mRNA decayed at a slower rate in the presence of IL-17A as compared with that without IL-17A (Figure 1D) , indicating that IL-17A signaling enhanced stability of CSF3 mRNA induced by DEX. In contrast, DEX was unable to stabilize either basal or IL-17A-induced CSF3 mRNA (without DEX pretreatment) (Supplemental Figure 2 , A and B). GCs signal via the GC receptor (GR, encoded by NR3C1) to exert their transcriptional activation and repression activities by binding GC response elements (GREs). Using JAS-PAR (an open-access database of curated, nonredundant transcription factor binding profiles; http://jaspar. genereg.net) (17), we identified putative binding sites for multiple transcription factors (including NF-κB, NR3C1, and C/EBP) in the human CSF3 promoter. Two overlapping GRE sequences (TGGGACAG-GACAGCCTG and CAGGACAGCCTGGAACT) ( Figure 1E ) were predicted using an NR3C1 binding sequence logo (generated by JASPAR) ( Figure 1F ) in the NR3C1a region, which is highly conserved between human and mouse. Although deletion of sequences containing either NF-κB1 [Mut1(-589/+98), Del-NF-κB1] or NF-κB2 [Mut3(-198/+98)] partly reduced IL-17A-mediated CSF3 promoter activity, removal of sequences containing NR3C1a [Mut1(-598/+89), Mut2(-538/+89), Mut3(+198/+89), Mut4(+148/+89), Del-NR3C1a] completely abolished DEX-induced CSF3 promoter activity, indicating that NR3C1a is a true GRE-containing region in the CSF3 promoter ( Figure 1G ). Similar to what we observed for IL-17A, NR3C1a deletion had little effect on TNF-induced CSF3 promoter activity, but removal of the first 2 NF-κB sites almost completely abolished TNF-mediated promoter activity. Notably, TNF had a stronger effect on CSF3 promoter activity as compared with IL-17A or DEX but was unable to stabilize CSF3 mRNA with or without IL-17A (Supplemental Figure 2 , A and B). We also performed a ChIP assay to investigate if DEX could induce GR binding to the NR3C1a region in the human CSF3 promoter ( Figure 1H ).
Using primer pairs spanning NR3C1a, we confirmed that DEX indeed induced GR binding to the NR3C1a region in a synergistic manner. The above results indicate that DEX differentially regulates IL-17A-induced neutrophil-promoting genes and synergistic induction of CSF3 expression by IL-17A and DEX involves both transcriptional and posttranscriptional mechanisms.
Disruption of IL-17A/DEX synergistic effect on Csf3 expression renders DEX sensitivity in HDM-CFA type-17 acute asthma model. House dust mite (HDM) is a natural allergen to which asthmatics are commonly exposed. By using different immunization adjuvants (alum and CFA), we established HDM-induced steroid-sensitive type-2 (Th2-high) and steroid-resistant type-17 (Th17-high) mouse acute asthma models, which respectively recapitulate pathological features of eosinophilic mild/moderate asthma and neutrophilic severe asthma in human patients (Supplemental Figure 3 We then investigated the physiological implications of synergistic induction of Csf3 expression by IL-17A and DEX in vivo in mice. Considering the observation on the synergistic effect between IL-17A and DEX on the neutrophil-promoting gene CSF3 in ASMCs, we aimed to examine the impact of the IL-17A/DEX/CSF3 axis on airway neutrophilic inflammation. Using the HDM-CFA type-17 acute asthma model (Supplemental Figure 3E ), we found that systemic delivery of anti-IL-17A neutralizing antibody to mice reduced neutrophilic inflammation in the airway and improved DEX sensitivity, as indicated by BAL cell counts (Figure 2A ). This is consistent with the expression profile of neutrophil-promoting genes in lung tissue; while anti-IL-17A alone reduced the expression of Csf3 as well as Cxcl1 and Cxcl2, DEX treatment in the presence of anti-IL-17A further diminished the expression of Cxcl1 and Cxcl2 and did not enhance Csf3 expression, as observed in mice on DEX treatment alone ( Figure 2B ). Like Cxcl1 and Cxcl2, other steroid-sensitive IL-17A target genes (Il6, Il8, and Tnf) showed a similar induction pattern upon DEX and/or anti-IL-17A treatments (Supplemental Figure 5 ). We then wondered whether ablating CSF3 would be sufficient to recuperate DEX sensitivity for neutrophilic inflammation in this HDM-CFA model. We indeed observed that anti-CSF3 neutralizing antibody, like anti-IL-17A, decreased airway neutrophilia/ neutrophil-promoting gene expression, rendering DEX sensitivity in treated mice ( Figure 2 , A and B, and Supplemental Figure 5 ). Taken together, these results show that DEX alone, albeit failing to inhibit airway neutrophilic inflammation, was able to do so in the presence of anti-IL-17A or anti-CSF3. The above results suggest that the IL-17A/DEX/CSF3 axis plays a critical role in the pathogenesis of steroid-resistant neutrophilic airway inflammation. Therefore, disrupting the IL-17A/DEX synergistic effect on CSF3 expression might be an attractive, new steroid-sparing therapeutic approach for treating neutrophilic airway diseases.
Small-molecule IL-17A blocker C3G alleviates neutrophilia and improves DEX sensitivity in HDM-CFA type-17 acute asthma model. Owing to the considerable cost of antibody production and administration limitation (C) WT human CSF3 promoter luciferase plasmids were transfected into A549 cells. After 24 hours, the cells were treated as indicated in A for 6 hours, followed by luciferase assay. The luciferase activity is expressed as fold induction relative to untreated control. (D) mRNA degradation assay. hASMCs were pretreated with DEX for 4 hours, followed by treatment with actinomycin D (5 μg/mL) in the absence and presence of IL-17A (100 ng/mL). mRNA decay rate was measured as a ratio (percentage) of remaining mRNA at indicated time points to the amount of mRNA at time point 0. Data represent mean ± SEM (n = 3 biological replicates). *P < 0.05 (2-tailed Student's t test). (E) Schematic representation of the WT and mutated human CSF3 luciferase reporter constructs. (F) NR3C1 binding sequence logo. (G) WT or mutant human CSF3 luciferase constructs were transfected into A549 cells, followed by luciferase assay as indicated in C. (H) ChIP analysis of DEX-induced binding of GR to the human CSF3 promoter. Nucleic extracts from untreated and treated hASMCs were immunoprecipitated with IgG or anti-GR, followed by DNA purification and RT-PCR quantitation with primers spanning the putative NR3C1 binding site of the CSF3 promoter. TS, transcription start site; GR, glucocorticoid receptor. For panels B, C, G, and H, data represent mean ± SD (n = 3 technical replicates). All data are representative of 3 independent experiments.
(only through the intravenous route), we sought to investigate small-molecule inhibitors to block IL-17A/ DEX synergy. We have previously identified a small-molecule natural compound (cyanidin) that can effectively block IL-17A binding to its receptor IL17RA via computer-based virtual screening (18) . Interestingly, C3G showed similar bioactivity to that of cyanidin in cell-base assays ( Figure 3 , A and B). Because C3G has been safely used in human clinical studies (19, 20) , we sought to pursue it as a small-molecule inhibitor to block IL-17A/DEX synergy. We evaluated the ability of C3G alone or in combination with DEX in alleviating neutrophilic airway inflammation in the neutrophilic HDM-CFA type-17 acute asthma model. As shown in Figure 3 , C-E, and Supplemental Figure 6 , HDM-CFA-induced airway neutrophilic inflammation (as indicated by BAL count and lung histology) and the expression of neutrophil-promoting genes (Csf3, Cxcl1, Cxcl2, Il6, Il8, and Tnf) in the lung tissue were reduced by C3G treatment alone. Interestingly, DEX/C3G combined treatment showed a much more dramatic reduction in neutrophilic inflammation as compared with C3G single treatment. In support of this, the expression of steroid-sensitive cytokines (Csf3, Cxcl1, Cxcl2, Il6, Il8, and Tnf) were greatly reduced in the lung tissue of DEX/C3G-treated mice as compared with that in mice treated with C3G only, while Csf3 expression was not enhanced in the presence of C3G as compared with that in mice treated with DEX alone.
To further validate the in vivo bioactivities of C3G for alleviating neutrophilic airway inflammation, we tested C3G in a neutrophilic Th17 adoptive transfer asthma model that was IL-17A driven and steroid resistant (13) . In this model, like what we observed in the HDM-CFA type-17 acute asthma model, DEX exhibited a trend to worsen neutrophilic airway inflammation (Figure 3 , F and G). However, even though C3G alone alleviated the inflammation, the therapeutic effect was much more dramatic when used in combination with DEX. The above results indicate that C3G is an effective Eight-week-old WT C57BL/6 female mice (n = 5 per group) were subjected to the HDM-CFA acute severe asthma model. Isotype antibody (Control), DEX, anti-CSF3, and anti-IL-17A neutralizing antibodies or combined DEX and antibodies were administered to the mice (as described in Methods). Twenty-four hours after challenging, total cell and neutrophil counts in the BAL were quantified. (B) mRNA expression of lung tissues was quantified by real-time PCR. AU, fold induction relative to unchallenged control mice. Data represent mean ± SEM. One-way ANOVA was performed, followed by Tukey's multiple-comparisons test. The multiplicity-adjusted P values were calculated for the indicated comparisons. The above data are representative of 3 independent experiments. small-molecule alternative for anti-IL-17A/IL-17RA antibodies and was able to render DEX sensitivity in IL-17A-mediated neutrophilic asthma. Combined used of DEX and C3G can serve as an effective approach to treat steroid-resistant neutrophilic airway diseases.
C3G ameliorates airway remodeling and mitigates DEX resistance in HDM-CFA type-17 chronic asthma model. Given the excellent efficacy of DEX/C3G combination in blocking the expression of neutrophil-promoting genes and airway neutrophilia, it is warranted to further examine the potential therapeutic effect in preclinical models with more relevant pathologies to human asthma. The major features of asthma in chronic phase are irreversible airway structural changes (also called airway remodeling) as manifested by epithelial alteration, goblet cell hyperplasia, ASM hypertrophy/hyperplasia, and fibrosis. IL-17A has been shown to play an important role in these pathological features (21) (22) (23) (24) (25) . We established an HDM-CFA type-17 chronic asthma model that exhibited persistent neutrophilic airway inflammation, increased collagen deposition, and upregulated expression of inflammatory (Il17, Csf3, Cxcl1, and Cxcl2) and remodeling genes (Tgfb1, Muc5b, Col1a1, and Acta2), many of which were greatly alleviated upon depletion of IL-17A and neutrophils with neutralizing antibodies ( Figure 4A and Supplemental Figure 7 ). We treated the mice with DEX and C3G, alone or in combination, during the challenge stage of this chronic model ( Figure 4A ). As shown in Figure 4 , B-E, we found that C3G alone was effective in inhibiting neutrophilic inflammation (as indicated by BAL count and lung histology) and airway remodeling (as indicated by increased mucus production detected using periodic acid-Schiff [PAS] staining), collagen deposition (trichrome staining and total collagen in lung tissue), and SMC layer thickening (smooth muscle actin [SMA] staining). The expression of inflammatory and remodeling genes (Csf3, Cxcl1, Cxcl2, Tgfb1, Muc5b, Col1a1, and Acta2) was also reduced in lung tissue by C3G treatment ( Figure 4F ). DEX alone promoted neutrophilic inflammation but did not affect airway remodeling, suggesting the existence of neutrophil-independent remodeling pathways. DEX reduced Cxcl1 and Cxcl2 expression but significantly enhanced Csf3 expression in lung tissue. The combined treatment with C3G and DEX is more efficacious for alleviating inflammation and remodeling as compared with C3G alone, suggesting that C3G indeed improved DEX sensitivity by blocking IL-17A/ DEX synergy to prevent airway remodeling associated with neutrophilic chronic asthma.
C3G reduces emphysema and restores DEX sensitivity in elastase-induced neutrophilic COPD. We then sought to examine the potential therapeutic efficacy of DEX/C3G combination in another neutrophilic airway disease model. COPD is a small-airway disease characterized by neutrophilic inflammation, emphysema (enlarged air space size due to disrupted alveoli), increased mucus production, smooth muscle hyperplasia and hypertrophy, and fibrosis. Neutrophilic COPD is resistant to steroid-based therapy, which usually has no effect on preventing disease progression. IL-17A has been strongly implicated in the pathogenesis of COPD. IL-17A expression is elevated in COPD patients (4, 26) . Genetic ablation of IL-17A signaling components or anti-IL-17A treatment can greatly alleviate pathological features associated with COPD in mouse models (3, 8, 27 ). In the current study, we used an elastase-induced COPD model to test the efficacy of C3G and combined treatment of C3G and DEX ( Figure 5A ). Like what we observed in the HDM-CFA chronic asthma model, while DEX treatment alone did not exhibit any beneficial effect, C3G was able to reduce the key pathological features of COPD, including airway neutrophilic inflammation and emphysema ( Figure 5 , B-D). It is important to note that DEX itself substantially increased Csf3 expression in lung tissue while it reduced the expression Cxcl1 and Cxcl2 ( Figure 5E ). Combined DEX/ C3G treatment had better efficacy to alleviate COPD symptoms than C3G single treatment, suggesting that C3G also improved DEX sensitivity in COPD. Consistently, DEX/C3G combination, as compared with C3G treatment, further reduced the expression of inflammatory genes (Cxcl1 and Cxcl2) and remodeling genes (Tgfb1, Muc5b, Col1a1, and Acta2) and total collagen content in lung tissue ( Figure 5 , E and F).
CSF3 induced by IL-17A/DEX in ASMCs is the key neutrophil survival cytokine. Because the results from our in vitro cell culture experiments suggest that ASMCs can be an important source of neutrophil-promoting subjected to the HDM-CFA acute asthma model. PBS (Control), DEX, C3G, or a combination of DEX and C3G were administered to the mice (as described in Methods). Twenty-four hours after challenging, total and neutrophil counts in the BAL were quantified (C). Representative BAL cells were prepared by cytospin and lung tissues were stained with H&E (D). All scale bars (red): 100 μm. (E) mRNA expression of lung tissues was quantified by real-time PCR. (F and G) OVA 323-339 -specific Th17 cells were adoptively transferred into 8-week-old female C57BL/6 mice (n = 5 mice per treatment group), which were treated as described in Methods. Twenty-four hours after the last challenge, total cell and neutrophil counts in the BAL were quantified. AU, fold induction relative to unchallenged control mice. Data represent mean ± SEM. One-way ANOVA was performed, followed by Tukey's multiple-comparisons test. The multiplicity-adjusted P values were calculated for the indicated comparisons. The above data are representative of 3 independent experiments. cytokines (including CXCL1, CXCL2, and CSF3) upon IL-17A stimulation, we examined the impact of cell-specific deletion of IL-17A signaling in ASMCs on airway neutrophilic inflammation in the HDM-CFA type-17 acute asthma model. We bred Il17rc (IL-17A receptor subunit) floxed mice (Il17rc fl/fl ) with SMA-rtTA-Cre transgenic mice [expressing the reverse tetracycline transactivator under the control of the α-SMA (encoded by Acta2) promoter (α-SMA-rTTA) and (tetO)7-cre] to generate SMA-specific (Acta2-specific) Il17rc-deficient mice (SMA-Il17rc fl/fl ) and control mice (SMA-Il17rc fl/+ ) (28) . As shown in Figure 6 , A and B, SMA-Il17rc fl/fl mice showed greatly reduced airway neutrophilic inflammation as indicated by BAL count, lung histology, and reduced expression of neutrophil-promoting genes (Csf3, Cxcl1, and Cxcl2) in lung tissue in the HDM-CFA model as compared with control mice (SMA-Il17rc fl/+ ), indicating that IL-17A signaling in ASMCs is critical in the pathogenesis of type-17 severe asthma. We also performed a flow cytometry-based TUNEL assay for lung neutrophils isolated from SMA-Il17rc fl/fl and control SMA-Il17rc fl/+ mice subjected to the HDM-CFA type 17 acute asthma model (Supplemental Figure 8 and Figure 6C ). The results showed that the lung neutrophils (gated as CD45 + CD11b + Ly6G + ) in control SMA-Il17rc fl/+ mice had a lower apoptotic rate as compared with SMA-Il17rc fl/fl mice, suggesting that neutrophil survival was affected by ablating IL-17A signaling in ASMCs.
To address the critical role of CSF3 induced by IL-17A and DEX in ASMCs in neutrophilic airway inflammation, we performed survival experiments using neutrophils isolated from mouse BM. We cultured BM-derived neutrophils with conditioned medium harvested from mouse ASMCs treated with IL-17A and DEX, alone or in combination. As DEX is known to promote neutrophil survival itself (29), we used a GR-specific inhibitor (AL082D06) (30) to block the direct effect of DEX on neutrophils in the conditioned medium. As shown in Figure 6D , we found that conditioned media from mouse ASMCs treated with IL-17A and DEX alone increased the neutrophil survival rate, and IL-17A/DEX combined treatment conferred a synergistic effect. This was consistent with the Csf3 gene induction pattern observed in mouse ASMCs treated with IL-17A and DEX (Supplemental Figure 1A) . C3G only blocked the IL-17A treatment effect. However, CSF3-neutralizing antibody completely abolished the survival-promoting effect of all conditioned media, suggesting that CSF3 is the sole critical survival factor in these conditioned media. By contrast, only media from IL-17A-treated mouse ASMCs could induce neutrophil migration in Transwell migration assays, suggesting that IL-17A but not DEX induced neutrophil-migrating chemokines (e.g., CXCL1 and CXCL2) ( Figure 6E ). Both DEX and C3G treatments reduced IL-17A-induced migratory factors from mouse ASMCs and combined treatment completely abolished the migratory effect from the media of IL-17A-treated mouse ASMCs.
Discussion
IL-17A is an important contributing factor in the pathogenesis of neutrophilic airway diseases including severe asthma and COPD (4). IL-17A induces production of an array of neutrophil-promoting cytokines/ chemokines (e.g., CSF2, CXCL1, CXCL2, CSF3, IL-6, and IL-8) to elicit airway neutrophilic inflammation. Asthma and COPD are commonly treated by GC-based antiinflammatory agents. However, although type-2 eosinophilic inflammation can be effectively inhibited by GC-based therapy, neutrophilic inflammation is resistant to GC treatment and often worsened by GC treatment under certain circumstances (3, (6) (7) (8) (9) (10) . Moreover, high-dose use of steroid drugs has been associated with many metabolic side effects (31) (32) (33) . Therefore, there is an unmet clinical demand to develop GC-sparing agents or alternative therapeutics for treating neutrophilic airway diseases. Understanding the underlying mechanisms of steroid resistance will provide important guidance for developing therapeutic strategies. In the present study, we uncovered what we believe is a novel mechanism of steroid resistance in neutrophilic airway diseases. We found that DEX induced neutrophil-promoting CSF3 expression in synergy with IL-17A in ASMCs, the mechanisms of which involved cooperative regulation at both transcriptional and posttranscriptional levels. 
-week-old WT C57BL/6 female mice (n = 5 mice per group) were subjected to the HDM-CFA chronic asthma model. PBS (Control), DEX, C3G, or a combination of DEX and C3G were administered to the mice (as described in Methods). Twenty-four hours after the last challenge, total cell and neutrophil counts in the BAL were quantified (B), and representative BAL cells were prepared by cytospin and lung tissues were subjected to histochemical staining as indicated (C). All scale bars (red): 100 μm. (D and E) PAS score (PAS-positive cells/total epithelial cells) and total collagen content of lung tissue were measured. (F) mRNA expression of lung tissues was quantified by real-time PCR. AU, fold induction relative to unchallenged control mice. Data represent mean ± SEM. One-way ANOVA was performed, followed by Tukey's multiple-comparisons test. The multiplicity-adjusted P values were calculated for the indicated comparisons. The above data are representative of 3 independent experiments.
Interestingly, this IL-17A/DEX synergy was greatly amplified in the presence of TNF, a widely known IL-17A partner for inflammatory gene expression and frequently upregulated in steroid-resistant severe asthma and COPD upon infections and exacerbations (34) (35) (36) (37) (38) . Therefore, DEX, especially used at low dose, was unable to resolve or even promoted IL-17A-mediated neutrophilic airway diseases. However, targeting the synergy by blockage of IL-17A signaling with small-molecule inhibitor C3G restored DEX sensitivity, suggesting an effective combined treatment approach (DEX plus C3G) for neutrophilic severe asthma and COPD.
Preclinical studies have provided promising results in murine models of neutrophilic airway diseases by using IL-17A-or IL-17RA-neutralizing antibodies, indicating that IL-17A signaling inhibition could be a novel therapeutic approach for treatment of these steroid-resistant diseases (3, (6) (7) (8) (9) (10) . Neutralizing monoclonal antibodies (mAbs) (against IL-17A and IL-17RA) have been developed as candidate drugs targeting IL-17A-dependent pathogenesis (39) (40) (41) (42) . However, given the considerable cost of antibody production and limited administration (only through the i.v. route), our small molecule C3G will likely be a superior cost-effective alternative for treating IL-17A-mediated severe asthma and COPD. Like DEX, C3G has the potential to be formulated for different routes of delivery, including inhalation and pill form for oral intake. Furthermore, small-molecule inhibitors have been shown to have better tissue penetration as compared with antibodies. Thus, our study provides a promising therapeutic strategy (the combined used of low-dose DEX and the small molecule C3G) for treating neutrophilic airway diseases and may have great potential from the viewpoint of drug development.
DEX induced CSF3 expression in ASMCs but the induction level was very limited. However, when partnering with IL-17A, DEX was able to induce CSF3 expression to a much higher magnitude in a synergistic manner in ASMCs, indicating there is a cooperative mechanism between DEX and IL-17A. Human CSF3 promoter-driven luciferase assays suggest that DEX and IL-17A only additively induce CSF3 promoter activity and mapping of the promoter region indicates the respective role of the transcription factors NR3C1 and NF-κB in GC and IL-17A signaling. IL-17A signaling is well known to mediate mRNA stability of inflammatory genes (e.g., CXCL1). IL-17A also stabilized DEX-induced CSF3 mRNA in our study, suggesting that a posttranscriptional mechanism plays a critical role in this IL-17A/DEX synergy. TNF is often upregulated and contributes to steroid-resistant neutrophilic inflammation including severe asthma and COPD (34) (35) (36) (37) . TNF has been widely reported as an IL-17A partner for synergistic induction of multiple inflammatory genes (e.g., CSF2, CXCL1, CXCL2, CSF3, IL-6, and IL-8) in different cell types (16) . Interestingly, we also observed that there existed another layer of synergy between IL-17A/DEX synergy and TNF regarding CSF3 induction in ASMCs. TNF does not stabilize CSF3 mRNA but it synergizes with DEX for CSF3 expression at the transcriptional level. It will be of great interest to further decipher the molecular details of these synergies, which may offer important guidance for developing novel targeting strategies for treating steroid-resistant neutrophilic airway diseases. This study suggests that ASMCs are important CSF3 producers upon DEX and IL-17A stimulation and that IL-17A signaling in ASMCs plays a critical role in the type-17 HDM-CFA steroid-resistant asthma model. In addition, we found that the IL-17A/DEX synergistic effect on CSF3 can also be detected in fibroblasts, suggesting the other cell compartments might also contribute to IL-17A/CSF3-driven steroid resistance in neutrophilic airway diseases.
It should be noted that DEX is known to promote IL-17A production via enhancing Th17 function (13, 25) and can hence foster an IL-17A-high environment for IL-17A/DEX synergistic effects on CSF3 expression to take place. Consequently, airway neutrophilia was unaffected or even promoted by DEX treatment due to an antagonizing effect of CSF3 induction on CXC1 and CXCL2 inhibition. The IL-17A blocker C3G not only inhibits IL-17A-induced CXC chemokines and CSF3, it breaks the synergy between DEX and IL-17A so that the CSF3 production is greatly reduced because DEX itself is not a strong inducer of CSF3. Hence, our study provides a strong mechanistic foundation for using combined treatment of low-dose DEX and C3G to treat IL-17A-mediated neutrophilic airway diseases.
As a major effector cell type in the IL-17A/CSF3-mediated chronic asthma model and COPD, neutrophils have been implicated in different pathological features of irreversible airway structural change (airway remodeling). Neutrophils secrete a variety of mediators (e.g., matrix metalloproteinase-9 [MMP-9], elastase, YKL-40, growth factors [VEGF, PDGF, and bFGF]) that cause airway remodeling through multiple mechanisms including epithelial damage, fibrosis, ASMC proliferation and migration, and goblet cell metaplasia (43) (44) (45) . In HDM-CFA chronic asthma and elastase-induced COPD, neutrophil number was associated with many remodeling features in the lung, suggesting that neutrophil inflammation indeed plays a causal role in airway remodeling. In the HDM-CFA type-17 chronic asthma model, C3G can reduce neutrophil-migrating CXCL1 and CXCL2 and disrupt the synergy between IL-17A and DEX on CSF3 expression. Therefore, one importance mechanism by which C3G ameliorates airway remodeling and mitigates DEX resistance is through dampening neutrophilia by reducing the production of neutrophil-promoting cytokines. Targeting IL-17A/CSF3 with DEX/C3G combined treatment is also an effective strategy for alleviating airway remodeling symptoms in chronic asthma and COPD by controlling neutrophilia in the airway.
Our work provides important guidance for designing clinical studies to investigate the pathological role of the IL-17A/CSF3 axis in neutrophilic airway diseases. Single nucleotide polymorphisms (SNPs) of CSF3 have been associated with lung function in smoking-induced COPD in humans (46) . Although there were no clinical studies reporting association of CSF3 expression with clinical parameters of asthma, haplotypes (17q21.1) containing the PSMD3-CSF3-MED24 gene region have been reported to be highly associated with adult asthma risk (47) . Given the heterogeneous nature of asthma endotypes (e.g., type-2 vs. type-17), it is important to know that future clinical studies need to be appropriately designed by selecting proper patient populations (endotypes) to reveal pathological roles of CSF3 in severe asthma. Our preclinical studies suggest that patients on steroid treatment who have high IL-17A and CSF3 levels may be prone to developing neutrophilic inflammation. Disrupting IL-17A/DEX synergistic effects on CSF3 by anti-IL-17A/C3G or anti-CSF3 treatment is expected be beneficial and render DEX sensitivity for neutrophilic inflammation and associated remodeling features in this subset of asthmatics.
We propose a mechanistic model for improving DEX sensitivity with IL-17A-signaling blockers (anti-IL-17A antibody or C3G) in IL-17A-driven neutrophilic inflammation (Figure 7) . In IL-17A-mediated neutrophilic severe asthma and COPD, IL-17A is upregulated and induces neutrophil migrating chemokines (CXCL1 and CXCL2) and survival cytokine (CSF3) to elicit neutrophilic inflammation in the airway. DEX treatment can partially reduce expression of CXCL1 and CXCL2 but greatly induce CSF3 expression in synergy with IL-17A and/or other cytokines (e.g., TNF). The dramatically increased neutrophil-survival potential counteracts the reduced neutrophil-migrating potential caused by DEX treatment, which is often not beneficial in neutrophilic inflammation and sometimes may worsen the disease pathology. In the presence of IL-17A-signaling blockers (anti-IL-17A antibody or C3G), IL-17A-induced expression of neutrophil-migrating CXCL1 and CXCL2 was further reduced and the synergy between IL-17A and DEX in affecting CSF3 expression was disrupted so that the DEX-mediated neutrophil-promoting effect was minimized.
Methods
Mice. B6.OT-II T cell receptor (TCR) transgenic mice (stock no. 004194) and WT C57BL/6 mice (stock no. 000664) were purchased from the Jackson Laboratories. Il17rc fl/fl mice were generated by Cyagen Biosciences using gene-targeting technology. α-SMA promoter (α-SMA-rTTA) and (tetO)7-cre mice were obtained from D. Sheppard (UCSF, San Francisco, California, USA). Both strains were described in our previous studies (28, 48) .
Reagents and cell culture. Mouse TGF-β1 (catalog 7666-MB), mouse IL-6 (catalog 406-ML), human IL-17A (catalog 7955-IL-025), mouse IL-17A (catalog 7956-ML-025), mouse TNF-α (catalog 10-MT), and anti-CSF3 neutralizing antibody (catalog MAB414) were purchased from R&D Systems. Anti-IL-17A neutralizing antibody (clone 17F3), anti-Ly6G antibody (clone 1A8), and isotype control IgG2a (clone 2A3) and the conditioned media collected from mouse ASMCs treated for 24 hours as indicated were added to the bottom chamber. After 6 hours, the number of migrating neutrophils was counted. For D and E, data represent mean ± SD (n = 3 technical replicates). The above data are representative of 3 independent experiments.
were obtained from BioXCell. Anti-IL-4 mAb (clone 11B11) and anti-IFN-γ mAb (clone XMG1.2) were purchased from BD Biosciences. DEX (catalog sc-29059A) was from Santa Cruz Biotechnology. C3G (catalog 2519) was from AvaChem Scientific. CFA (catalog F5881) was from Sigma-Aldrich. A549 cells (ATCC, CCL-185) were maintained in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/ mL streptomycin. Human primary ASMCs were purchased from ATCC (PCS-301-010). Mouse ASMCs were isolated and cultured as described previously (28) . Both human and mouse ASMCs were cultured in DMEM/F-12 supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. Lack of mycoplasma was confirmed for all cell cultures using the Mycoplasma PCR Detection Kit (Sigma-Aldrich, catalog MP0035-1KT). Lung fibroblast isolation was performed as described previously (49) . The established fibroblasts were cultured in Eagle's Minimum Essential Medium (ATCC, supplemented with 15% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin.
RNA-seq and data analysis. Total RNA extracted by NucleoSpin RNA Plus (Takara Bio, catalog 740984) from human primary ASMCs (untreated and treated with IL-17A [100 ng/mL], DEX [1 μg/mL], or both for 4 hours) was subjected to RNA-seq analysis by Novogene. A total of 2 μg RNA per biological replicate (3 per treatment) was used as starting material for the RNA sample preparations. Sequencing libraries were generated using an NEBNext Ultra RNA Library Prep Kit for Illumina, and the clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina). The cDNA library preparations were sequenced on an Illumina HiSeq platform to generate 150-bp paired-end reads. HTSeq v0.6.1 was used to count the read numbers mapped to each gene, and FPKM (fragments per kilobase of exon per million mapped fragments of each gene) were calculated. Log(FPKM) values were used to calculate Z scores for generating heatmaps using HemI 1.0. In IL-17A-mediated neutrophilic airway diseases, IL-17A is upregulated and induces neutrophil-migrating chemokines (CXCL1 and CXCL2) and survival cytokine (CSF3) to elicit neutrophilic inflammation in the lung. DEX treatment can partially reduce expression of CXCL1 and CXCL2 but greatly induce CSF3 expression in synergy with IL-17A and/or other cytokines (e.g., TNF). The dramatically increased neutrophil-survival potential counteracts the reduced neutrophil-migrating potential caused by DEX treatment, which is often not beneficial in neutrophilic inflammation and sometimes may worsen the disease pathology. In the presence of IL-17A blockers (anti-IL-17A Ab or C3G), IL-17Ainduced neutrophil-migrating CXCL1 and CXCL2 were further reduced and the synergistic effect between IL-17A and DEX on CSF3 was disrupted so that the DEX-mediated neutrophil-promoting effect was minimized. Neu, neutrophil; red arrow, increase; +, promoting; -, inhibiting.
Real-time quantitative PCR. Total RNA was isolated from cells and lung tissues by TRIzol reagent (Invitrogen, catalog 15596026) as per the manufacturer's instructions. First-strand cDNA was synthesized by a SuperScript IV First-Strand Synthesis System (Invitrogen, catalog 18091200). All gene expression results were expressed as AU relative to abundance of GAPDH (human) or Gapdh (mouse) mRNA. The primers used for real-time quantitative PCR (RT-PCR) are as described in Table 1 .
CSF3 promoter luciferase assay. LightSwitch human CSF3 promoter luciferase reporter plasmid (-924/+89, catalog S721658) was obtained from Active Motif. WT and different mutant luciferase constructs (-589/+89, -538/+89, -198/+89, -148/+89, Del-NR3C1a [-637/-605], Del-NF-κB1 [-660/-636]) were generated by site-directed mutagenesis and transfected into A549 cells for 24 hours, followed by treatment with IL-17A (100 ng/mL), DEX (1 μg/mL), or both for 6 hours. The luciferase activity was analyzed by using a LightSwitch Luciferase Assay kit (Active Motif, catalog 32031) as per the manufacturer's instructions.
ChIP assay. A ChIP Assay Kit (Millipore, catalog 17-295) was used for examining DEX-induced binding of GR to the human CSF3 promoter. Briefly, human ASMCs were grown to 100% confluence and treated with DEX (1 μM) for 30 minutes. Cells were fixed with formaldehyde at a final concentration of 1% for 10 minutes at 37°C. Cells were then harvested in SDS lysis buffer and sonicated to shear DNA to a length of 100 to 200 bp. Sonicated cell supernatant was then diluted in ChIP dilution buffer and immunoprecipitated with IgG or anti-GR mAb (clone D6H2L, Cell Signaling Technology). DNA was eluted and purified, followed by RT-PCR quantitation with primers (forward, AAGGGTCTTGCCTCATTCGG; reverse, TCGAAAGTTCCAGGCTGTCC) spanning the putative NR3C1a binding site of the CSF3 promoter.
HDM-alum type-2 asthma model. Eight-week-old female WT C57BL/6 mice were sensitized s.c. with HDM (100 μg per mouse; Dermatophagoides farina, Greer Laboratories) in Imject Alum (Thermo Fisher Scientific, catalog 77161) on days 0 and 7, and subsequently challenged (i.n.) with HDM (25 μg per mouse) from day 14 to day 18. BAL cell counting and tissue collection were performed on day 21. DEX (0.3 mg/kg per mouse, i.p.) was administered to mice 1 hour before HDM challenge.
HDM-CFA type-17 acute asthma model. This model was described in our previously published work (18) . Eight-week-old female WT C57BL/6 mice were sensitized (s.c.) with HDM (100 μg per mouse) in CFA (Sigma-Aldrich, F5881) on day 0 and subsequently challenged (i.n.) with HDM (100 μg per mouse) on day 14. BAL cell counting and tissue collection were performed 24 hours after the last HDM challenge. DEX (0.3 mg/kg per mouse, i.p.) and C3G (200 μg i.p. and 100 μg i.n. per mouse) were administered to mice 1 hour before HDM challenge. For cytokine neutralization, IL-17A-neutralizing mAb (100 μg i.p. per mouse) and CSF3-neutralizing mAb (10 μg i.p. per mouse) were administered to mice 1 hour before HDM challenge.
Table 1. RT-PCR primers

Gene
Forward primer Reverse primer
Th17 adoptive transfer model for antigen-induced airway inflammation. OVA-specific Th17 cells were generated as described in our previous study (18) . Briefly, naive CD4 + CD44 -T cells were isolated from OT-II TCR transgenic mice cultured with irradiated splenic feeder cells in the presence of 5 μg/mL OVA 323-339 peptide, 5 ng/mL TGF-β, 20 ng/mL IL-6, 10 ng/mL IL-23, 20 μg/mL anti-IL-4 mAb, and 20 μg/mL anti-IFN-γ mAb. Th17 cells were then transferred (i.v.) into female WT C57BL/6 mice (5 × 10 6 cells per mouse) and challenged (i.n.) with OVA 323-339 (50 μg/mL) 1 day before transfer and 3 consecutive days after transfer. BAL cell counting and tissue collection were performed 24 hours after the last challenge. DEX (0.3 mg/kg per mouse, i.p.) and C3G (200 μg i.p. and 100 μg i.n. per mouse) were administered to mice 1 hour before each OVA peptide challenge.
HDM-CFA type-17 chronic asthma model. Eight-week-old female WT C57BL/6 mice were sensitized (s.c.) with HDM (100 μg per mouse) in CFA on day 0 and subsequently challenged (i.n.) with HDM (25 μg per mouse) twice per week for 6 consecutive weeks from day 14. BAL cell counting and lung tissue collection were performed 24 hours after the last HDM challenge. DEX (0.3 mg/kg BW per mouse, i.p.) and C3G (200 μg i.p. and 100 μg i.n. per mouse) were administered to mice 1 hour before each HDM challenge and every other day between each HDM treatment. For IL-17A-and neutrophil-depletion experiments, IL-17A-neutralizing antibody (200 μg i.p. per mouse), anti-Ly6G antibody (200 μg i.p. per mouse), or an equivalent amount of an isotype control was administered to mice before each allergen challenge during the chronic phase of the HDM-CFA chronic asthma model.
Elastase-induced COPD. Mice were injected (i.n.) with 0.5 μg elastase from porcine pancreas (Sigma-Aldrich, catalog E1250) in 50 μL of saline once per week for 4 consecutive weeks. BAL cell counting and lung tissue collection were performed 24 hours after the last elastase administration. DEX (0.3 mg/kg per mouse, i.p.) and C3G (200 μg i.p. and 100 μg i.n. per mouse) were administered to mice 1 hour before each elastase treatment and every other day between each elastase treatment. Airway space enlargement was measured as mean linear intercept (MLI) by ImageJ (NIH) in 20 randomly selected fields.
Differential cell counting and histological staining. BAL cell counts were determined by cytospin slide preparation after a Diff-Quik Giemsa stain. For histological analysis, mouse lung tissue was fixed in 10% buffered formalin and then stained with H&E.
Total collagen assay. Total collagen in lung tissue was quantified using a Total Collagen Assay Kit (BioVision, catalog K218-100). Briefly, 10 mg of mouse lung tissue was homogenized with 100 μL ddH 2 O and hydrolyzed with 100 μL HCl (12 M) at 120°C for 3 hours. After homogenization, samples were clarified with activated charcoal and transferred to 96-well plates to be evaporated to dryness in an oven. Then, 100 μL chloramine T reagent was added to each sample and incubated at room temperature for 5 minutes, followed by incubation in 100 μL 4-(dimethylamino)benzaldehyde (DMAB) reagent for 90 minutes at 60°C. Finally, the samples were measured at 560 nm absorbance and total collagen content was calculated using a standard curve.
Collagen staining. A Masson's trichrome staining kit (Abcam, catalog ab15068) was used for collagen staining. The manufacturer's protocol was modified for staining collagen only. Briefly, mouse lung tissues were fixed in 10% buffered formalin and then embedded in paraffin and sectioned. The section slides were then deparaffinized and hydrated, followed by sequential incubation with phosphomolybdic-phosphotungstic acid and Aniline Blue solution. Then the slides were rinsed with distilled water, dehydrated, cleared, and mounted with cover slides.
PAS staining. Mucins were stained with a PAS staining kit (Sigma-Aldrich, catalog 395B-1KT). Briefly, paraffin sections of mouse lung tissues were deparaffinized, followed by immersion in periodic acid solution for 5 minutes and then in Schiff 's reagent for 15 minutes. After washing in running tap water for 5 minutes, the slides were counterstained in hematoxylin solution for 15 seconds.
SMA immunostaining. Briefly, paraffin sections of fixed mouse lung tissues were deparaffinized and blocked with 0.2% Triton X-100 containing 2% BSA for 2 hours. Sections were then incubated with mouse anti-SMA-FITC antibody (Sigma-Aldrich, catalog F3377) and rabbit anti-E-cadherin antibody (Cell Signaling Technology, catalog 3195) followed by staining with Alexa Fluor 594-conjugated goat anti-rabbit antibody (Invitrogen, catalog A-1103) and microscopic analysis.
Neutrophil migration and survival assay. Neutrophils were isolated from BM by using a density gradient centrifugation method. Briefly, 8-week-old female WT C57BL/6 mice were used to isolate BM cells from femurs and tibias. BM cells were lysed with ACK lysis buffer (Lonza, catalog 10-548E) to remove red blood cells and resuspended in 3 mL of ice-cold PBS. The cell suspension was then overlaid over a separation media formed by 3 mL Histopaque 1077 (Sigma-Aldrich, catalog 10771) and 3 mL Histopaque 1119 (Sigma-Aldrich, catalog 11191) in
